1. Introduction {#sec1-ijerph-14-00023}
===============

Globally, organophosphate (OP) pesticides have been widely used in agriculture, forestry and gardening, which account for almost 40% of total pesticide sales by volume \[[@B1-ijerph-14-00023]\]. A Brazilian study demonstrated that over 90% of the farmers use pesticide products containing methamidophos as active ingredient and nearly 60% of them present typical OP intoxication symptoms \[[@B2-ijerph-14-00023]\]. Methamidophos, a representative OP pesticide, has been used extensively in agriculture to limit pest damages to cultivated plants \[[@B3-ijerph-14-00023]\]. In Latin America, methamidophos is now the second most used active ingredient of pesticide products \[[@B4-ijerph-14-00023]\]. Methamidophos is persistently contaminating crops and used as a suicidal agent in many countries, especially in developing countries \[[@B5-ijerph-14-00023]\]. In China, methamidophos residues were still detectable in vegetables in marketplaces in 2015 \[[@B6-ijerph-14-00023]\]. A great number of studies have reported that the residual levels of methamidophos among various fruits and vegetables in developing countries such as Pakistan and Brazil exceeded the maximum residue limits (MRLs) established by the World Health Organization (WHO) and the European Union (EU) legislation in recent years \[[@B7-ijerph-14-00023],[@B8-ijerph-14-00023]\]. Thus, methamidophos toxicity has been an interesting topic in public health studies in recent years \[[@B1-ijerph-14-00023],[@B9-ijerph-14-00023],[@B10-ijerph-14-00023],[@B11-ijerph-14-00023]\]. Notably, Rodriguez et al. \[[@B12-ijerph-14-00023]\] reported that long-term exposure to methamidophos for pregnant women ranged from 3 to 1003 h, and for children ranged from 6 to 1964 h. Therefore, a great attention should be paid into the potential toxicity of methamidophos, especially during early life of humans.

During the past decade, many studies using models based on adult rodents exposed to methamidophos have noted that it affects cardiovascular reflexes, alters spermatogenesis and induces delayed neuropathy \[[@B9-ijerph-14-00023],[@B13-ijerph-14-00023],[@B14-ijerph-14-00023]\]. In addition, many studies have demonstrated that methamidophos could lead to specific neuronal damages, and might inflict delayed neuropathy in adult rodents \[[@B15-ijerph-14-00023],[@B16-ijerph-14-00023]\]. Notably, methamidophos has both hydrophilic and hydrophobic domains \[[@B17-ijerph-14-00023]\], and it can pass through the blood-brain barrier and placenta, which has also been found in amniotic fluid \[[@B18-ijerph-14-00023]\]. Vidair reported that OP~S~ were more neurotoxic in young rats compared with adults \[[@B19-ijerph-14-00023]\]. In addition, fetuses, infants and young children may be more susceptible to the potential neurotoxic effects of pesticides, because their brains are developing rapidly \[[@B20-ijerph-14-00023]\]. However, the developmental neurotoxicity of methamidophos in the early life stage is still largely unknown. Therefore, further toxicological research of methamidophos is required. Zebrafish and its embryos, which have many advantages, such as a short lifecycle, high fecundity and transparency during early life stages, are widely used as models for studies of developmental toxicity \[[@B21-ijerph-14-00023]\]. These advantages make it easy to evaluate morphological endpoints and observe developmental processes \[[@B22-ijerph-14-00023],[@B23-ijerph-14-00023]\]. Furthermore, many characteristics of zebrafish are similar to humans, such as development, metabolism and compoumd-induced organ/tissue reaction \[[@B24-ijerph-14-00023]\]. This may be due to the fact many molecular pathways are evolutionarily conserved between humans and zebrafish \[[@B25-ijerph-14-00023],[@B26-ijerph-14-00023]\]. Thus, zebrafish represent a reasonable and effective model for evaluating the developmental neurotoxicity of chemicals in aquatic environments \[[@B27-ijerph-14-00023]\]. However, few studies have studied the developmental neurotoxicity of methamidophos in the early embryonic stages of zebrafish.

This study was therefore designed to study methamidophos neurotoxicity and related mechanism in the early stages of zebrafish. Two environmentally relevant concentrations of methamidophos (25 and 500 μg/L) were selected, which were according to the concentration in water environment and the level in part of the human samples, respectively \[[@B28-ijerph-14-00023],[@B29-ijerph-14-00023]\]. The analysis of locomotor behavior and apoptosis was used to assess the impairment of nervous system. Reverse transcription-polymerase chain reaction (RT-PCR) was employed to compare the mRNA levels of genes associated with neural development between the control and exposed groups. All of the information firstly acquired in this study will be helpful to understand the developmental neurotoxicity induced by methamidophos in aquatic systems.

2. Materials and Methods {#sec2-ijerph-14-00023}
========================

2.1. Chemicals and Reagents {#sec2dot1-ijerph-14-00023}
---------------------------

Methamidophos (O,S-dimethyl phosphoramidothioate; CAS Number: 10265-92-6; purity: 99.70%) was purchased from Dr. Ehrenstorfer (Augsburg, Germany). Acridine orange (AO; CAT. No. 235474) staining reagent, Hanks' Balanced Salt Solution (HBSS; CAT. No. H6648) and tricaine (MS-222; CAT. No. A5040) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Total RNA was extracted by TRIzol (Invitrogen, Carlsbad, CA, USA). Reverse transcription and SYBR-green RT-PCR reagents (CAT. No. RR036A; RR420A) were obtained from TaKaRa (Tokyo, Japan). All of the other chemicals required in this study were of analytical grade.

2.2. Zebrafish Husbandry and Collection of Embryos {#sec2dot2-ijerph-14-00023}
--------------------------------------------------

AB strain zebrafish (*Danio rerio*), acquired from the model animal center of Nanjing University were kept in a recirculating system at 28.5 °C, with a 14 h light/10 h dark cycle 7 days per week \[[@B30-ijerph-14-00023]\]. Fish system water was aerated and measured daily to maintain dissolved oxygen concentration at 7.5--8 mg/L and pH at 7.0--7.6. The fish were fed with live brine shrimp (*Artemia nauplii*, Tianjin Ocean Pal Carol Biotech Co., Tianjin, China) twice a day. Male and female adult fish with a preferable ratio of 2:1 were transferred in pairs overnight in a spawning aquarium, and the spawning finished at the first 30 min of the light cycle on the next morning. Fertilized eggs were collected, washed with embryo medium (0.137 M NaCl, 5.4 mM KCl, 0.25 mM Na~2~HPO~4~, 0.44 mM KH~2~PO~4~, 1.3 mM CaCl~2~, 1.0 mM MgSO~4~ and 4.2 mM NaHCO~3~) and incubated in Petri dishes at 28 ± 1 °C \[[@B31-ijerph-14-00023]\] until methamidophos exposure experiments. All experimental procedures involving animals were conducted in accordance with the guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH, Bethesda, MD, USA) and were approved by the Committee on the Ethics of Animal Experiments of Nanjing Medical University (Permit number: 2014092). All efforts were made to minimize animal suffering and to reduce the number of animals used.

2.3. Methamidophos Treatment {#sec2dot3-ijerph-14-00023}
----------------------------

The methamidophos administration was conducted according to a previous study \[[@B32-ijerph-14-00023]\]. In brief, test solutions with methamidophos were prepared freshly using embryo medium before exposure experiments. The nominal concentrations of the test solutions were 0 (control), 25 μg/L (0.177 μM), 500 μg/L (3.543 μM). Zebrafish embryos of 4 h post-fertilization (hpf) were transferred to the solutions of series of concentrations in a 96-well plate with one larvae per well, and the plate was incubated at 28 ± 1 °C under the same light cycle as the adults throughout the 72 h exposure period. The exposure solutions were changed daily to ensure the nominal concentrations of methamidophos and water quality. Three replicates were set up for the control and each treatment.

2.4. The Observations of Morphological Development {#sec2dot4-ijerph-14-00023}
--------------------------------------------------

The observations of zebrafish morphological development were performed according to a previous report \[[@B33-ijerph-14-00023]\]. Briefly, the observations were conducted directly in the 96-well plate using an inverted dissecting microscope (Leica Microsystems, Wetzlar, Germany). The embryos and larvae were evaluated for morphological change at 24 and 72 hpf, respectively.

2.5. Locomotor Behavior Observation {#sec2dot5-ijerph-14-00023}
-----------------------------------

Locomotor behavior observation was conducted according to a previous report \[[@B34-ijerph-14-00023]\]. The observations of locomotor behavior were performed directly in the 60-mm glass Petri dishes using an inverted dissecting microscope. The 72-hpf-larvae were evaluated for their response to a mechanical stimulus (touch). Each larvae was observed for a response to three stimuli which gently touched on the head using a probe \[[@B35-ijerph-14-00023]\]. To prevent any pre-stimulus modulation of the response, we waited for 5 s between two stimuli \[[@B36-ijerph-14-00023]\]. Larvae that swam away after all the three repeated stimuli were scored as responders while all others were scored as non-responders \[[@B37-ijerph-14-00023]\]. The number of escape responders for mechanical stimulation was ultimately recorded for each dose group. Locomotor behavior was observed in three replicates (20 larvae) per treatment \[[@B38-ijerph-14-00023]\].

2.6. AO Staining {#sec2dot6-ijerph-14-00023}
----------------

Embryo cell apoptosis was assessed using AO, a widely used nucleic acid-selective metachromatic stain \[[@B39-ijerph-14-00023],[@B40-ijerph-14-00023]\]. AO staining was conducted according to a previous report \[[@B41-ijerph-14-00023]\]. At 72 hpf, after exposure to a series of methamidophos concentrations (0, 25, and 500 μg/L), 10 living larvae from each replicate were washed twice in Hank's Balanced Salt Solution (HBSS), and then transferred into 5 mg/L of AO staining dissolved in HBSS in darkness for 30 min at room temperature. The larvae were then washed twice in HBSS thoroughly. Before examination, the larvae were anesthetized with 0.03% MS-222 for 3 min. Stained larvae were photographed under a fluorescence microscope (Nikon, Tokyo, Japan). The apoptotic cells appear overt bright spots \[[@B42-ijerph-14-00023]\]. In order to determine the fluorescence intensity in the brain regions, florescence intensities on the staining of the region of interest (ROI) were measured on a total of 30 larvae with software Image J (National Institutes of Health, Bethesda, MD, USA) \[[@B43-ijerph-14-00023]\]. Different brain regions were evaluated on account of surrounding landmarks \[[@B44-ijerph-14-00023]\].

2.7. RNA Isolation and Real-Time PCR Assays {#sec2dot7-ijerph-14-00023}
-------------------------------------------

At 72 hpf, after exposure to a series of methamidophos, total RNA was extracted from 20 living zebrafish larvae using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions, and the concentration of total RNA was measured with NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, DE, USA). Synthesis of first-strand cDNA was performed by reverse transcription of 1 mg total RNA with M-MLV RTase (TaKaRa, Tokyo, Japan). The mRNA levels of *myelin basic protein* (*mbp*) and *synapsin IIa* (*syn2a*) were analyzed using SYBR Green PCR Master Mix reagent kits (TaKaRa, Tokyo, Japan). All RT-PCR were performed on an ABI 7900 Fast Real-Time System (Perkin-Elmer Applied Biosystems, Foster City, CA, USA). The thermal cycle was set at 95 °C for 2 min, followed by 40 cycles at 95 °C for 15 s, 60 °C for 15 s, and 72 °C for 1 min. The oligonucleotide primers utilized in this study were synthesized by Invitrogen (Shanghai, China) and the primer sequences are shown in [Table 1](#ijerph-14-00023-t001){ref-type="table"}. The 2^−ΔΔCt^ method was used to calculate the relative mRNA expression levels of genes normalized by the *β-actin* gene \[[@B45-ijerph-14-00023]\]. Each sample was run in triplicate \[[@B46-ijerph-14-00023]\].

2.8. Statistical Analysis {#sec2dot8-ijerph-14-00023}
-------------------------

The differences between three groups were evaluated by non-parametric test (Kruskal-Waillis with multiple comparison tests) to identify significant differences. All statistical analysis was conducted using Statistical Analysis System (version 9.4, SAS Institute, Cary, NC, USA) and the criterion of significance was set at *p* \< 0.05. All values were expressed as mean ± standard error of the mean (SEM).

3. Results {#sec3-ijerph-14-00023}
==========

3.1. Morphological Development Observation {#sec3dot1-ijerph-14-00023}
------------------------------------------

Our experimental flow diagram is presented in [Figure 1](#ijerph-14-00023-f001){ref-type="fig"}.

In the morphology development analysis, we found the methamidophos-exposed zebrafish larvae did not show obvious delay of morphological development in both 24 hpf and 72 hpf ([Figure 2](#ijerph-14-00023-f002){ref-type="fig"}).

3.2. Abnormal Locomotor Behavior of Methamidophos-Exposed Zebrafish Larvae {#sec3dot2-ijerph-14-00023}
--------------------------------------------------------------------------

The number of escape responders for mechanical stimulation was summarized in [Figure 3](#ijerph-14-00023-f003){ref-type="fig"} and [Table S1](#app1-ijerph-14-00023){ref-type="app"}. The response to a mechanical stimulus can be used as a measurement of sensorimotor integration \[[@B47-ijerph-14-00023]\]. Some of the larvae in exposure groups did not have obvious response to a mechanical stimulus. The number of escape responders for mechanical stimulation was reduced to half of the control group at high-dose group based on normal morphology.

3.3. Apoptosis in Zebrafish Larvae Induced by Methamidophos Exposure {#sec3dot3-ijerph-14-00023}
--------------------------------------------------------------------

We next examined the zebrafish larvae at 72 hpf using AO staining, which could reveal the developmental neurotoxic chemical-induced apoptosis in nervous system. Apoptotic cells of the living larvae in each group were revealed by AO staining. No obvious apoptotic cells were observed in zebrafish larvae of the control group, whereas notable signs of apoptosis appeared in zebrafish larvae of each exposure group, mainly around the brain with bright green fluorescent spots ([Figure 4](#ijerph-14-00023-f004){ref-type="fig"}a--c). The fluorescence intensities of the brain regions were both significantly higher in exposed groups than in the control group ([Figure 4](#ijerph-14-00023-f004){ref-type="fig"}d) (\*\* *p* \< 0.01, respectively for the two exposure groups).

3.4. Effects of Methamidophos on the mRNA Levels of Genes Associated with Neural Development {#sec3dot4-ijerph-14-00023}
--------------------------------------------------------------------------------------------

Based on the results of abnormal locomotor behavior and brain apoptosis induced by methamidophos, the expression alterations of *mbp*, and *syn2a* genes in zebrafish were detected after methamidophos exposure at 72 hpf ([Table S2](#app1-ijerph-14-00023){ref-type="app"}). The gene of *mbp* which expresses in oligodendrocytes of myelin sheath, typically serves as a biomarker of myelination of axons in the developing central nervous system (CNS) of zebrafish and human \[[@B48-ijerph-14-00023],[@B49-ijerph-14-00023]\]. The gene of *syn2a* is a biomarker of synapse formation in mammals, playing an important role in synaptogenesis and neurotransmitter release \[[@B50-ijerph-14-00023]\]. The *mbp* expression was significantly down-regulated in larvae from the 25 and 500 μg/L exposure groups, compared with the control (\* *p* \< 0.05 and \*\*\* *p* \< 0.001, respectively for the two exposure groups) ([Figure 5](#ijerph-14-00023-f005){ref-type="fig"}a). Similarly, there was also an obvious decrease in the expression of *syn2a* (\*\* *p* \< 0.01 and \*\*\* *p* \< 0.001, respectively for the two exposure groups) ([Figure 5](#ijerph-14-00023-f005){ref-type="fig"}b). Notably, the expression of *mbp* in 500 μg/L exposure group was almost reduced to half of the control group, which was 0.57 fold change relative to control.

4. Discussion {#sec4-ijerph-14-00023}
=============

As far as we know, this is the first study to report the developmental neurotoxicity and possible mechanisms in terms of exposure to methamidophos in the embryo-larval stages of zebrafish. By the combination of studies regarding larval locomotor behavior, AO staining and transcript expressions, we demonstrated that exposure to environmentally relevant methamidophos in zebrafish embryo and larvae could cause developmental neurotoxicity ([Figure 6](#ijerph-14-00023-f006){ref-type="fig"}).

Methamidophos is water soluble and has a moderate potential for runoff into surface waters. One of the concentrations of methamidophos exposure (25 μg/L) is close to environmentally relevant concentrations of methamidophos in the water environment of some regions, such as Philippines, India and other countries \[[@B28-ijerph-14-00023]\]. Besides, another concentration (500 μg/L) is near to the level of methamidophos in part of the human samples \[[@B29-ijerph-14-00023],[@B51-ijerph-14-00023],[@B52-ijerph-14-00023]\], which indicates that people in some countries are exposed to methamidophos in dangerous levels. Besides, many studies have reported that methamidophos concentration in fresh fruits and vegetables were higher than the FAO/WHO permissible limits residual levels \[[@B7-ijerph-14-00023],[@B53-ijerph-14-00023]\]. Thus, attention should be paid to the developmental neurotoxicity of methamidophos.

Screening for neurotoxicity can be assessed by motor, sensory, autonomic, and integrative neurological functions. Behavior represents the sum of activities controlled by the nervous system, which can evaluate the consequences of disruption of neuronal communications \[[@B54-ijerph-14-00023]\]. Behavior test is widely used in neurotoxicity testing of pharmaceutical and environmental chemicals \[[@B55-ijerph-14-00023],[@B56-ijerph-14-00023]\]. Thus, locomotor behavior of zebrafish larvae was observed to reflect potential neurotoxicity of methamidophos in our study. It is reported that hatched-stage larvae can show a mature escape reflex in response to tactile stimulation, and this behavior can serve as a simple assay for sensorimotor integration \[[@B37-ijerph-14-00023]\]. However, the response to mechanical stimuli of larvae in exposure groups was decreased in our results. This loss of touch-induced escape response indicated probably sensorimotor damage in zebrafish and developmental neurotoxicity of methamidophos, which is supported by previous studies on developmental neurotoxicity of environmental chemicals in zebrafish \[[@B57-ijerph-14-00023],[@B58-ijerph-14-00023]\].

Apoptosis, also be referred to as programmed cell death \[[@B59-ijerph-14-00023]\], is an important regulator of growth and development. In this study, apoptotic cells were specially observed in the brain of the zebrafish larvae by AO staining ([Figure 4](#ijerph-14-00023-f004){ref-type="fig"}), suggesting that the developing brain was very likely to be an important target for methamidophos in zebrafish. An increase of apoptosis in the brain induced by methamidophos might contribute to the abnormal neurodevelopment, and might explain the abnormal behavior of zebrafish larvae induced by methamidophos. Methamidophos has both hydrophilic and hydrophobic domains \[[@B17-ijerph-14-00023]\], therefore, it is reasonable to expect that methamidophos might go through the blood brain barrier (BBB) by diffusion. Besides, an active transport mechanism might also be involved in the penetration process \[[@B60-ijerph-14-00023]\].

It is widely demonstrated that the structure, synthesis and gene expression of myelin sheath are highly conserved between zebrafish and mammals \[[@B61-ijerph-14-00023],[@B62-ijerph-14-00023]\]. The expression level of *mbp* gene was down-regulated in our study, suggesting that exposure to methamidophos might affect the function of oligodendrocytes, and further affect the formation of myelin sheath. Similarly, a recent study shows that exposure to chlorpyrifos, which is another widely used OP, resulted in reduced *mbp* in the early life stage of zebrafish \[[@B63-ijerph-14-00023]\]. Recently, a study pointed out that *syn2a* was increasingly expressed during the process of nervous system differentiation, implying that synapsins is crucial for neuronal differentiation and synaptogenesis in the early developmental stages of CNS \[[@B64-ijerph-14-00023]\]. Therefore, the downregulation of *syn2a* observed in this study may affect neuronal differentiation and synaptogenesis, and ultimately lead to neurobehavioral impairments.

The developmental neurotoxicity of methamidophos has been studied in rodents. Moser found that methamidophos (4 and 8 mg/kg for post-natal day 17) could alter neurobehavior in young rats \[[@B65-ijerph-14-00023]\]. Lima et al. demonstrated that methamidophos (1 mg/kg/day, from post-natal days 3 to 9) was deleterious to the developing brain and could elicit behavioral alterations in mice \[[@B66-ijerph-14-00023]\]. Moreover, Castro et al. evaluated the influence of oral exposure to methamidophos during gestational organogenesis of rats (1 mg/kg/day, from gestational days 6 to 15), and they found methamidophos showed suggestive effects on behavioral development \[[@B67-ijerph-14-00023]\]. These studies indicated developmental neurotoxicity of methamidophos in rodents, supporting our findings in fish. Our study firstly explored the developmental neurotoxicity of methamidophos using zebrafish model, which provided the evidence of developmental neurotoxicity of methamidophos in different species.

5. Conclusions {#sec5-ijerph-14-00023}
==============

This is the first study to reveal the induction of developmental neurotoxicity in zebrafish by environmentally relevant concentration of methamidophos. Methamidophos decreases the number of escape responders for mechanical stimulation through the action of methamidophos on neurodevelopmental genes and the activation of cell apoptosis in the brain in embryo-larval stages of zebrafish. Our study provides novel insights into methamidophos induced developmental neurotoxicity and its underlying mechanism, and highlights the importance on studying the developmental neurotoxicity of methamidophos in other aquatic species and humans.
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![Representative morphological photographs of zebrafish exposed to methamidophos at 24 and 72 hpf. Scale bars: 500 µm (**a**--**c**) and 250 µm (**d**--**f**).](ijerph-14-00023-g002){#ijerph-14-00023-f002}

![Locomotor behavior of methamidophos-exposed zebrafish larvae at 72 hpf. **\*** *p* \< 0.05; **\*\*\*** *p* \< 0.001.](ijerph-14-00023-g003){#ijerph-14-00023-f003}

![Apoptosis in the brain of zebrafish larvae induced by methamidophos exposure detected with AO staining at 72 hpf. Scale bars: 250 µm (**a**--**c**). Relative levels of fluorescence intensity in the brain regions (**d**). **\*\*** *p* \< 0.01.](ijerph-14-00023-g004){#ijerph-14-00023-f004}

![The mRNA levels of two genes associated with neural development in the zebrafish larvae exposed to several concentrations of methamidophos at 72 hpf. The expression levels of the *mbp* (**a**) and *syn2a* (**b**) genes were both significantly down-regulated in the 25 and 500 μg/L exposure groups, compared with the control group. **\*** *p* \< 0.05; **\*\*** *p* \< 0.01; **\*\*\*** *p* \< 0.001.](ijerph-14-00023-g005){#ijerph-14-00023-f005}

![The developmental neurotoxicity of methamidophos in embryo-larval stages of zebrafish. **\*** *p* \< 0.05; **\*\*** *p* \< 0.01; **\*\*\*** *p* \< 0.001.](ijerph-14-00023-g006){#ijerph-14-00023-f006}
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###### 

Sequences of primers for the genes tested.

  --------------------------------------------------------------------------------------------------------
  Target Gene                           GenBank Accession No.   Primer Sequences
  ------------------------------------- ----------------------- ------------------------------------------
  *mbp*                                 AY860977                Forward: 5'-AATCAGCAGGTTCTTCGGAGGAGA-3'\
                                                                Reverse: 5'-AAGAAATGCACGACAGGGTTGACG-3'

  *syn2a*                               NM_001002597            Forward: 5'-GTGACCATGCCAGCATTTC-3'

  Reverse: 5'-TGGTTCTCCACTTTCACCTT-3'                           

  *β-actin*                             AF025305                Forward: 5'-ACAGGGAAAAGATGACACAGATCA-3'\
                                                                Reverse: 5'-CAGCCTGGATGGCAACGTA-3'
  --------------------------------------------------------------------------------------------------------
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